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We investigate nonclassical Stokes-operator variances in continuous-wave polarization-squeezed laser light
generated from one and two optical parametric amplifiers. A general expression of how Stokes-operator vari-
ances decompose into two-mode quadrature operator variances is given. Stokes parameter variance spectra for
four different polarization-squeezed states have been measured and compared with a coherent state. Our
measurement results are visualized by three-dimensional Stokes-operator noise volumes mapped on the quan-
tum Poincare´ sphere. We quantitatively compare the channel capacity of the different continuous-variable
polarization states for communication protocols. It is shown that squeezed polarization states provide 33%
higher channel capacities than the optimum coherent beam protocol.
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The quantum properties of the polarization of continuous-
wave light are of increasing interest since they offer new
opportunities for communicating quantum information with
light and for transferring quantum information from atoms to
photons and vice versa. In the single photon regime, the
quantum polarization states have been vigorously studied,
theoretically and experimentally, with investigations of fun-
damental problems of quantum mechanics, such as Bell’s
inequality @1,2#, and of potential applications such as quan-
tum cryptography @3,4#. In comparison, continuous-variable
quantum polarization states have received little attention. Re-
cently, however, due to their apparent usefulness to quantum
communication schemes, interest in them has been growing
and a number of theoretical papers have been published
@5–14#.
Continuous-variable quantum polarization states can be
carried by a bright laser beam, providing high-bandwidth
capabilities and, therefore, faster signal transfer rates than
single-photon systems. In addition, several proposals have
been made for quantum networks that consist of spatially
separated nodes of atoms, whose spin states enable the stor-
age and processing of information, connected by optical
quantum communication channels @15–17#. Mapping of
quantum states from photonic to atomic media is a crucial
element in these networks. For continuous-variable polariza-
tion states, this mapping has been experimentally demon-
strated @18#. Very recently, entanglement was experimentally
demonstrated for optical continuous-variable polarization
states @19#.
Several methods for generating continuous-variable polar-
ization squeezed states have been proposed, most using non-
linearity provided by Kerr-like media and optical solitons
@8,11,14#. The two experimental demonstrations previous to
our work reported here and in Ref. @20#, however, were
achieved by combining a dim quadrature squeezed beam
with a bright coherent beam on a polarizing beam splitter
@22,23#. In both cases, only the properties of the state rel-
evant to the experimental outcome were characterized. The1050-2947/2003/67~1!/012316~11!/$20.00 67 0123full characterization of a continuous-variable polarization
state requires measurements of the fluctuations in both the
orientation, and the length of the Stokes vector on a Poincare´
sphere.
In this paper, we present the complete experimental char-
acterization of the Stokes-vector fluctuations for four differ-
ent quantum polarization states. We make use of ideas re-
cently published by Korolkova et al. @14#. Their concept of
squeezing more than one Stokes-operator of a laser beam and
a simple scheme to measure the Stokes-operator variances
are realized. Our results given in Ref. @20# are extended and
discussed in more detail. Experimental data from
polarization-squeezed states generated from a single quadra-
ture squeezed beam and from two quadrature squeezed
beams are compared.
The outline of this paper is as follows. We present a de-
scription of the theory involved in our experiments. The
well-known Schwinger bosonic representation allows the de-
composition of any spinlike operator into a pair of mode
operators of the quantum harmonic oscillator @21#. In this
paper, we are interested in the variances of these operators
and present a decomposition for the Stokes-operators vari-
ances; our decomposition is general within the commonly
used linearization approach. In the experimental section, we
characterize the polarization fluctuations of a single ampli-
tude squeezed beam from an optical parametric amplifier
~OPA!. It can be seen that only the fluctuations of the Stokes
vector length are below that of a coherent beam ~i.e.,
squeezed!. Grangier et al. @22# and Sørensen et al. @23# con-
verted this to squeezing of the Stokes vector orientation by
combining the quadrature squeezed beam with a much
brighter coherent beam on a polarizing beam splitter. We
experimentally generate this situation and indeed show that
the Stokes vector orientation is squeezed. This result is com-
pared with measurements on polarization states generated
from two quadrature squeezed beams. Two bright amplitude
or phase squeezed beams from two independent OPAs are
overlapped on a polarizing beam splitter @14,20# demonstrat-
ing ‘‘pancakelike’’ and ‘‘cigarlike’’ uncertainty volumes on
the Poincare´ sphere for phase and amplitude squeezed input
beams, respectively. Both the orientation and the length of
the Stokes vector were squeezed for the cigarlike©2003 The American Physical Society16-1
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encoding information on continuous-variable polarization
states of light are discussed. The conventional fiber-optic
communication protocol is compared with the optimized co-
herent beam and squeezed beam protocols. We show that the
channel capacity of the cigarlike polarization-squeezed states
exceeds the channel capacity of coherent states, quadrature
squeezed states, and all other polarization-squeezed states.
II. THEORETICAL BACKGROUND
The polarization state of a light beam in classical optics
can be visualized as a Stokes vector on a Poincare´ sphere
~Fig. 1! and is determined by the four Stokes parameters
@24#: S0 represents the average beam intensity whereas S1 ,
S2, and S3 characterize its polarization and form a Cartesian
axes system. If the Stokes vector points in the direction of
S1 , S2, or S3 the polarized part of the beam is horizontally,
linearly at 45°, or right-circularly polarized, respectively.
Two beams are said to be opposite in polarization and do not
interfere if their Stokes vectors point in opposite directions.
The quantity S5(S121S221S32)1/2 is the radius of the classi-
cal Poincare´ sphere and describes the average intensity of the
polarized part of the radiation. The fraction S/S0 (0,S/S0
,1) is called the degree of polarization. For quasimonochro-
matic laser light that is almost completely polarized S0 is a
redundant parameter, completely determined by the other
three parameters (S05S in classical optics!. All four Stokes
parameters are accessible from the simple experiments
shown in Fig. 2.
An equivalent representation of polarization states of light
is given by the four elements of the coherence matrix ~Jones
matrix!. The relations between these elements and the Stokes
parameters can be found in Ref. @25#. In contrast to the co-
herence matrix elements, the Stokes parameters are observ-
ables and, therefore, can be associated with Hermitian opera-
tors. Following Refs. @26,27#, we define the quantum-
mechanical analog of the classical Stokes parameters for
pure states in the commonly used notation:
FIG. 1. Diagram of ~a! classical and ~b! quantum Stokes vectors
mapped on a Poincare´ sphere; the ball at the end of the quantum
vector visualizes the quantum noise in Sˆ 1 , Sˆ 2, and Sˆ 3; and the
nonzero quantum sphere thickness visualizes the quantum noise in
Sˆ 0.01231Sˆ 05aˆ H
† aˆ H1aˆ V
† aˆ V ,
Sˆ 15aˆ H
† aˆ H2aˆ V
† aˆ V ,
Sˆ 25aˆ H
† aˆ Ve
iu1aˆ V
† aˆ He
2iu
, ~1!
Sˆ 35iaˆ V
† aˆ He
2iu2iaˆ H
† aˆ Ve
iu
,
where the subscripts H and V label the horizontal and verti-
cal polarization modes, respectively, u is the phase shift be-
tween these modes, and the aˆ H ,V and aˆ H ,V
† are annihilation
and creation operators for the electromagnetic field in fre-
quency space @28#.
The commutation relations of the annihilation and cre-
ation operators
@aˆ k ,aˆ l
†#5dkl , with k ,lP$H ,V%, ~2!
directly result in Stokes-operator commutation relations
@Sˆ 1 ,Sˆ 2#52iSˆ 3 , @Sˆ 2 ,Sˆ 3#52iSˆ 1 , @Sˆ 3 ,Sˆ 1#52iSˆ 2 .
~3!
Apart from the normalization factor, these relations are iden-
tical to the commutation relations of the Pauli spin matrices.
In fact, the three Stokes parameters in Eq. ~3! and the three
Pauli spin matrices both generate the special unitary group of
symmetry transformations SU~2! of Lie algebra @29#. Since
this group obeys the same algebra as the three-dimensional
rotation group, distances in three dimensions are invariant.
Accordingly, the operator Sˆ 0 is also invariant and commutes
with the other three Stokes-operators (@Sˆ 0 ,Sˆ j#50, with j
51,2,3). The noncommutability of the Stokes-operators Sˆ 1 ,
Sˆ 2, and Sˆ 3 precludes the simultaneous exact measurement of
their physical quantities. As a direct consequence of Eq. ~3!,
the Stokes-operator mean values ^Sˆ j& and their variances
V j5^Sˆ j
2&2^Sˆ j&2 are restricted by the uncertainty relations
@26#
V1V2>u^Sˆ 3&u2, V2V3>u^Sˆ 1&u2, V3V1>u^Sˆ 2&u2. ~4!
FIG. 2. Apparatus required to measure each of the Stokes pa-
rameters. PBS, polarizing beam splitter; l/2 and l/4, half- and
quarter-wave plates, respectively, the plus and minus signs imply
that an electrical sum or difference has been taken.6-2
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Stokes parameters as well as in the radius of the Poincare´
sphere @see Fig. 1~b!#. The quantum noise in the Stokes pa-
rameters even affects the definitions of the degree of polar-
ization @5,11# and the Poincare´ sphere radius. It can be
shown from Eqs. ~1! and ~2! that the quantum Poincare´
sphere radius is different from its classical analog, ^Sˆ &
5^Sˆ 0
212Sˆ 0&1/2.
Recently, it has been shown that the Stokes-operator vari-
ances may be obtained from the frequency spectrum of the
electrical output currents of the setups shown in Fig. 2 @14#.
To calculate the Stokes-operator variances, we use the linear-
ized formalism here. The creation and annihilation operators
are expressed as sums of real classical amplitudes aH ,V and
quantum noise operators daˆ H ,V @30#,
aˆ H ,V5aH ,V1daˆ H ,V . ~5!
The operators in Eq. ~5! are non-Hermitian and therefore
nonphysical. To express the Stokes-operators of Eq. ~1! in
terms of Hermitian operators, we define the generalized
quadrature quantum noise operators dXˆ H ,V(j),
dXˆ H ,V~j!5daˆ H ,V
† eij1daˆ H ,Ve
2ij
, ~6!
dXˆ H ,V~j50 !5dXˆ H ,V
1 5daˆ H ,V
† 1daˆ H ,V , ~7!
dXˆ H ,V~j5p/2!5dXˆ H ,V
2 i~daˆ H ,V
† 2daˆ H ,V!. ~8!
j is the phase of the quantum-mechanical oscillator and
dXˆ H ,V
1 and dXˆ H ,V
2 are the amplitude quadrature noise opera-
tor and the phase quadrature noise operator, respectively.
If the variances of the noise operators are much smaller
than the coherent amplitudes, then a first-order approxima-
tion of the noise operators is appropriate. This yields the
Stokes-operator mean values
^Sˆ 0&5aH
2 1aV
2 5^nˆ &,
^Sˆ 1&5aH
2 2aV
2
,
^Sˆ 2&52aHaV cos u , ~9!
^Sˆ 3&52aHaV sin u .
These expressions are identical to the Stokes parameters in
classical optics. Here, ^nˆ & is the expectation value of the
photon number operator. For a coherent, beam the expecta-
tion value and variance of nˆ have the same magnitude, this
magnitude equals the conventional shot-noise level. The
variances of the Stokes parameters are given by
V05aH
2 ^~dXˆ H
1!2&1aV
2 ^~dXˆ V
1!2&12aHaV^dXˆ H
1dXˆ V
1& ,
V15aH
2 ^~dXˆ H
1!2&1aV
2 ^~dXˆ V
1!2&22aHaV^dXˆ H
1dXˆ V
1& ,01231V2~u!5aH
2 ^~dXˆ V~2u!!2&1aV
2 ^~dXˆ H~u!!2& ,
12aHaV^dXˆ V~2u!dXˆ H~u!& , ~10!
V3~u!5V2S u2 p2 D .
It can be seen from Eqs. ~10! that the variances of Stokes-
operators can be expressed in terms of the variances of
quadrature operators of two-modes. The polarization-
squeezed state can then be defined in a straightforward man-
ner. The variances of the noise operators in the above equa-
tion are normalized to one for a coherent beam. Therefore,
the variances of the Stokes parameters of a coherent beam
are all equal to the shotnoise of the beam. For this reason a
Stokes parameter is said to be squeezed if its variance falls
below the shot-noise of an equal-power coherent beam. Al-
though, the decomposition to the H, V-polarization axis of
Eqs. ~10! is independent of the actual procedure of generat-
ing a polarization-squeezed beam, it becomes clear that two
overlapped quadrature squeezed beams can produce a single
polarization squeezed beam. If two beams in the horizontal
and vertical polarization modes having uncorrelated quantum
noise are used, then Eqs. ~10! can be rewritten as
V05V15aH
2 ^~dXˆ H
1!2&1aV
2 ^~dXˆ V
1!2&,
V2~u!5cos2u@aV
2 ^~dXˆ H
1!2&1aH
2 ^~dXˆ V
1!2&#
1sin2u@aV
2 ^~dXˆ H
2!2&1aH
2 ^~dXˆ V
2!2&# , ~11!
V3~u!5V2S u2 p2 D .
Here, we choose the amplitude and the phase quadrature
noise operators to express the variances. This corresponds to
our actual experimental setup, where either amplitude or the
phase quadratures were squeezed. It can be seen from Eqs.
~11! that in a polarization-squeezed beam generated from
two amplitude squeezed beams Sˆ 0 and two additional Stokes
parameters can in theory be perfectly squeezed while the
fourth is antisqueezed if specific angles of u50 or u5p/2
are used. By utilizing only one squeezed beam it is not pos-
sible to simultaneously squeeze any two of Sˆ 1 , Sˆ 2, and Sˆ 3 by
more than 3 dB below shot noise (Vi1V j>^nˆ &, with i , j
P$1,2,3;iÞ j%).
III. EXPERIMENT
Prior to our work presented here and in Ref. @20#, polar-
ization squeezed states were generated by combining a
strong coherent beam with a single weak-amplitude squeezed
beam @22,18#. In both of those experiments, the variance of
only one Stokes parameter was determined, and therefore,
the polarization state was not fully characterized. In this pa-
per, we experimentally characterize the mean and variance of
all four Stokes-operators for these states. We extend the work
to polarization-squeezed states produced from two amplitude6-3
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setup.
A. Generation of quadrature squeezed light
We produced the two quadrature squeezed beams required
for this experiment in a pair of OPAs. Each OPA was an
optical resonator consisting of a hemilithic MgO:LiNbO 3
crystal and an output coupler. The reflectivities of the output
coupler were 96% and 6% for the fundamental ~1064 nm!
and the second harmonic ~532 nm! laser modes, respectively.
Each OPA was pumped with single-mode 532-nm light gen-
erated by a 1.5 W Nd:YAG nonplanar ring laser and fre-
quency doubled in a second-harmonic generator ~SHG!. The
SHG was of identical structure to the OPAs but with 92%
reflectivity at 1064 nm. The OPAs were seeded with
1064-nm light after spectral filtering in a modecleaner. The
refractive indices of the MgO:LiNbO3 crystals in each reso-
nator was modulated with an rf field, this provided error
signals on the reflected seed power that were used to lock
their lengths. The modulation also resulted in a phase modu-
lation on the output beams from the SHG and each OPA. The
coherent amplitude of each OPAs output was a deamplified
or amplified version of the seed coherent amplitude; the level
of amplification was dependent on the phase difference be-
tween pump and seed (fSH). Therefore, the second-
harmonic pump phase modulation resulted in a modulation
of the amplification of the OPAs. Error signals could be ex-
tracted from this effect, enabling the relative phase between
pump and seed to be locked. Locking to deamplification or
amplification provided an amplitude or phase squeezed out-
put, respectively. Typical measured variance spectra of the
two locked quadrature squeezed beams are shown in Fig. 4.
Since the squeezed states were carried by bright laser beams
of ’1 mW, the noise reduction was degraded at lower fre-
quencies due to the laser relaxation oscillation. At higher
frequencies, the squeezed spectrum was limited by the band-
width of the OPAs.
FIG. 3. Schematic of the polarization squeezing experiment.
MC, mode cleaner; BS, beam splitter; DC, dichroic beam splitter;
l/2, half-wave plate; fSH , phase shift between 532 nm and 1064
nm light at the OPAs; u , phase shift between quadrature squeezed
beams; PBS, polarizing beam splitter; H, horizontal polarization
mode; V, vertical polarization mode.01231Past experiments requiring two quadrature squeezed
beams commonly used a single ring resonator with two out-
puts @31#; with two independent OPAs the necessary intrac-
avity pump power is halved, this reduces the degradation of
squeezing due to Green-induced infrared absorption @32#.
B. Measuring the Stokes operators
Instantaneous values of the Stokes-operators of all polar-
ization states analyzed in this paper were obtained with the
apparatus shown in Fig. 2. The uncertainty relations of Eqs.
~4! dictate that Sˆ 1 , Sˆ 2, and Sˆ 3 cannot, in general, be mea-
sured simultaneously. The beam under interrogation was split
on a polarizing beam splitter and the two outputs were de-
tected on a pair of high quantum efficiency photodiodes with
30 MHz bandwidth; the resulting photocurrents were added
and subtracted to yield photocurrents containing the instan-
taneous values of Sˆ 0 and Sˆ 1. To measure Sˆ 2, the polarization
of the beam was rotated by 45° with a half-wave plate before
the polarizing beam splitter and the detected photocurrents
were subtracted. To measure Sˆ 3, the polarization of the beam
was again rotated by 45° with a half-wave plate and a
quarter-wave plate was introduced before the polarizing
beam splitter such that a horizontally polarized input beam
became right-circularly polarized. Again the detected photo-
currents were subtracted. The expectation value of each
Stokes-operator was equal to the dc output of the detection
device and the variance was obtained by passing the output
photocurrent into a Hewlett-Packard E4405B spectrum ana-
lyzer. Every polarization state interrogated in this work had a
total power ^Sˆ 0& of roughly 2 mW.
An accurate shot-noise level was required to determine
whether any given Stokes-operator was squeezed. This was
measured by operating a single OPA without the second-
harmonic pump. The seed power was adjusted so that the
output power was equal to that of the beam being interro-
gated. In this configuration, the detection setup for Sˆ 2 @see
Fig. 2~c!# functions exactly as a homodyne detector measur-
ing vacuum noise scaled by the OPA output power, the vari-
ance of which is the shot noise. Throughout each experimen-
tal run the power was monitored and was always within 2%
of the power of the coherent calibration beam. This led to a
conservative error in our frequency spectra of 60.05 dB.
The Stokes-operator variances reported in this paper were
taken over the range from 3 to 10 MHz. The dark noise of
the detection apparatus was always more than 4 dB below
the measured traces and was taken into account. Each dis-
FIG. 4. Typical measured variance spectra of the two locked
bright quadrature squeezed beams.6-4
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malized to the shot noise and smoothed over the resolution
bandwidth of the spectrum analyzer which was set to 300
kHz. The video bandwidth of the spectrum analyzer was set
to 300 Hz.
As is the case for all continuous-variable quantum optical
experiments, the efficiency of the Stokes-operator measure-
ments was critical. The overall detection efficiency of the
interrogated beams was 76%. The loss came primarily from
three sources: loss in escape from the OPAs ~14%!, detector
inefficiency ~7%!, and loss in optics ~5%!. In the experiment,
where a squeezed beam was overlapped with a coherent
beam, additional loss was incurred due to poor mode match-
ing between the beams and the detection efficiency was 71%.
Depolarizing effects are thought to be another significant
source of loss for some polarization squeezing proposals @5#.
In our scheme, the nonlinear processes ~OPAs! are separated
from the polarization manipulation ~wave plates and polariz-
ing beam splitters!, and depolarizing effects are insignificant.
C. Quantum polarization states from a single squeezed beam
We first characterize the polarization state of a single
bright amplitude squeezed beam provided by one of our
OPAs, as shown in Fig. 5. The squeezed beam was horizon-
tally polarized, resulting in Stokes-operator expectation val-
ues of ^Sˆ 0&5^Sˆ 1&5uaHu2 and ^Sˆ 2&5^Sˆ 3&50. The variance
spectra of the operators were measured and are displayed in
Fig. 6. The variances of S0 and S1 were squeezed. This
result is quite obvious since the laser beam used was ampli-
tude squeezed and impinged on a single detector in this de-
tector setup. Therefore, both the measurements performed
equated a measurement of the amplitude quadrature vari-
ance. For the measurements of Sˆ 2 and Sˆ 3, the beam intensity
was divided equally between the two detectors. The elec-
tronic subtraction yielded vacuum noise scaled by the beam
intensity, thus both variance measurements were at the shot-
noise level. It is apparent from these measurements that only
the length of the Stokes vector, is well determined; the ori-
entation is just as uncertain as it would be for a coherent
state.
To obtain squeezing of the orientation of the Stokes vec-
tor, Grangier et al. @22# and Sørensen et al. @23# overlapped a
dim quadrature squeezed beam with a bright orthogonally
polarized coherent beam. We consider this situation next ~as
shown in Fig. 7!. Since two beams are now involved, the
relative phase u becomes important. A dc and an rf error
signal, both dependent on u , were extracted from the Stokes-
operator measurement device. Together, these error signals
FIG. 5. Apparatus used to produce and analyze a single ampli-
tude squeezed beam. Optics in ~a! and ~b! were included to measure
the variance and the expectation value of Sˆ 2 and Sˆ 3, respectively.01231allowed us to lock u to either 0 or p/2 rad in all of the
following experiments. We mixed a bright horizontally po-
larized coherent beam with a dim vertically polarized ampli-
tude squeezed beam. Since the horizontally polarized beam
was much more intense than the vertically polarized beam,
the Stokes-operator expectation values became ^Sˆ 0&’^Sˆ 1&
’uaHu2 and ^Sˆ 2&’^Sˆ 3&50. The Stokes-operator variances
obtained for this polarization state are shown in Fig. 8, here
Sˆ 2 is antisqueezed and Sˆ 3 is squeezed. The variances of Sˆ 0
and Sˆ 1 were slightly above the shot-noise level because of
residual noise from our laser resonant relaxation oscillation.
The experiment carried out with u locked to 0 rad is not
shown, in this case, the measured variances of Sˆ 2 and Sˆ 3
were swapped. In fact, the Stokes vector was still pointing
along Sˆ 1 but the quantum noise was rotated on the Poincare´
sphere @see Fig. 13~b!#.
FIG. 6. Measured variance spectra of quantum noise on Sˆ 0 , Sˆ 1 ,
Sˆ 2, and Sˆ 3 for a single bright amplitude squeezed beam; normalized
to shot noise. The shaded region was used to construct the Poincare´
sphere representation in Fig. 12~b!.
FIG. 7. Apparatus used to produce and analyze the polarization
squeezed beam produced by overlapping a dim quadrature squeezed
beam with a bright coherent beam. Optics in ~a! and ~b! were in-
cluded to measure the variance and the expectation value of Sˆ 2 and
Sˆ 3, respectively.6-5
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squeezed beams
The two experiments described in Sec. III C demonstrated
how it is possible to squeeze the length and orientation of the
Stokes vector. In this section, we demonstrate that it is pos-
sible to do both simultaneously. The two quadrature
squeezed beams produced in our OPAs were combined with
orthogonal polarization on a polarizing beam splitter @14# as
shown in Fig. 9. This produced an output beam with Stokes-
parameter variances as given by Eqs. ~11!. Both input beams
had equal power (aH5aV5a/A2) and both were squeezed
in the same quadrature. The Stokes parameters and their vari-
ances were again determined as shown in Fig. 2. The relative
phase between the quadrature squeezed input beams u was
locked to p/2 rads producing a right-circularly polarized
beam with Stokes parameter means of ^Sˆ 1&5^Sˆ 2&50 and
^Sˆ 0&5^Sˆ 3&5uau2.
First, both OPA pump beams were phase locked to ampli-
fication, this produced two phase squeezed beams. Figure 10
shows the measurement results obtained; Sˆ 0 , Sˆ 1, and Sˆ 3
were all anti-squeezed and Sˆ 2 was squeezed throughout the
range of the measurement. The optimum noise reduction of
Sˆ 2 was 2.8 dB below shot noise and was observed at 4.8
MHz. Our OPAs are particularly sensitive to phase noise
coupling in from the MgO:LiNbO 3 crystals. We attribute the
structure in the frequency spectra of Sˆ 2 and the poorer degree
of squeezing observed here, to this. Apart from this structure,
these results are very similar to those produced by a single
FIG. 8. Measured variance spectra of quantum noise on Sˆ 0 , Sˆ 1 ,
Sˆ 2, and Sˆ 3 for a vacuum amplitude squeezed and a bright coherent
input beams; normalized to shot noise. The shaded region was used
to construct the Poincare´ sphere representation in Fig. 12~c!.01231squeezed beam and a coherent beam; the orientation of the
Stokes vector is squeezed. However, here the uncertainty in
the length of the Stokes vector is greater than for a coherent
state so the polarization state, although produced from two
quadrature squeezed beams, is actually less certain.
Figure 11 shows the measurement results obtained with
the OPAs locked to deamplification. Therefore, both OPAs
provided amplitude squeezed beams. Again, we interrogated
the combined beams and found Sˆ 0 , Sˆ 1, and Sˆ 3 all to be
squeezed from 4.5 MHz to the limit of our measurement, 10
MHz. Sˆ 2 was antisqueezed throughout the range of the mea-
surement. Between 7.2 MHz and 9.6 MHz Sˆ 0 , Sˆ 1, and Sˆ 3
were all more than 3 dB below shot noise. The squeezing of
Sˆ 0 and Sˆ 3 was degraded at low frequency due to our lasers
resonant relaxation oscillation. Since this noise was corre-
lated, it is canceled in the variance of Sˆ 1. The maximum
squeezing of Sˆ 0 and Sˆ 2 was 3.8 dB and 3.5 dB, respectively,
FIG. 9. Apparatus used to produce and analyze the beam pro-
duced by combining two quadrature squeezed beams. Optics in ~a!
and ~b! were included to measure the variance and the expectation
value of Sˆ 2 and Sˆ 3, respectively.
FIG. 10. Measured variance spectra of quantum noise on Sˆ 0 ,
Sˆ 1 , Sˆ 2, and Sˆ 3 for two locked phase squeezed input beams; nor-
malized to shot noise. The shaded region was used to construct the
Poincare´ sphere representation in Fig. 12~d!.6-6
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Sˆ 1 was 4.3 dB at 5.7 MHz. The repetitive structure at 4, 5, 6,
7, 8, and 9 MHz was caused by electrical pickup in our SHG
resonator emitted from a separate experiment operating in
the laboratory. In this case both the orientation and the length
of the Stokes vector were squeezed.
Finally, we point out that the variances of Sˆ 1 in Figs. 8,
10, and 11 were all squeezed at frequencies down to 3 MHz
and even below, whereas Fig. 4 shows a clear degradation
below 4 MHz. This improved performance is due to electri-
cal noise cancellation of correlated laser relaxation oscilla-
tion noise. This noise is effectively reduced by taking the
difference of the two photo currents in our detector setup to
measure V1.
IV. VISUALIZATION OF QUANTUM CORRELATIONS
IN CONTINUOUS-VARIABLE POLARIZATION STATES
In this section, measured quantum correlations in polar-
ization states at 8.5 MHz are visualized. Based on the theo-
retical formalism in Sec. II continuous-variable polarization
states can be characterized by the measurement of Stokes-
operator expectation values and variances using the setup
shown in Fig. 2. Our noise measurement results at 8.5 MHz
on five different states are summarized in Fig. 12. The noise
characteristics of the Stokes parameters are mapped onto the
coordinate system of the Poincare´ sphere, assuming Gauss-
ian noise statistics. Given this assumption, the standard de-
viation contour surfaces shown here provide an accurate rep-
resentation of the states three-dimensional noise distribution.
FIG. 11. Measured variance spectra of quantum noise on Sˆ 0 ,
Sˆ 1 , Sˆ 2, and Sˆ 3 for two locked amplitude squeezed input beams;
normalized to shot noise. The shaded region was used to construct
the Poincare´ sphere representation in Fig. 12~e!.01231The quantum polarization noise of a coherent state forms a
sphere of noise as portrayed in Fig. 12~a!. The noise volumes
~b!–~e! visualizes the measurements on a single bright am-
plitude squeezed beam, on the combination of a vacuum am-
plitude squeezed beam and a bright coherent beam, on two
FIG. 12. Measured quantum polarization noise at 8.5 MHz from
different combinations of input beams. ~a! Single coherent beam,
~b! coherent beam and squeezed vacuum, ~c! bright squeezed beam,
~d! two phase squeezed beams, and ~e! two amplitude squeezed
beams. The surface of the ellipsoids defines the standard deviation
of the noise normalized to shot noise (sSi5AVi). Sˆ i denotes the
Stokes operator along the Stokes vector.6-7
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plitude squeezed beams, respectively. In all cases, the
Stokes-operator noise volume describes the end position of
the Stokes vector pointing upwards. In ~b! and ~c! the Stokes
vectors are parallel to the direction of S1, in ~d! and ~e!
parallel to the direction of S3, since we used horizontally and
right-circularly polarized light, respectively. However, there
was no fundamental bias in the orientation of the quantum
Stokes vector in our experiment. By varying the angle of an
additional half-wave plate in the polarization-squeezed beam
or by varying u , any orientation may be achieved. In fact, as
mentioned earlier, our experiments were also carried out with
u locked to 0 rad. This had the effect of rotating the Stokes
vector and its quantum noise by p/2 around Sˆ 1. Nearly iden-
tical results were obtained but on alternative Stokes param-
eters. Figure 13 a! shows Poincare´ sphere representations of
this rotation for the polarization states produced by two am-
plitude squeezed beams. In Fig. 13~b!, the combination of a
amplitude squeezed vacuum and a bright coherent beam ex-
emplifies that different orientations of the noise volume can
be generated using appropriate combination of wave plates.
V. CHANNEL CAPACITY OF POLARIZATION
SQUEEZED BEAMS
The reduced level of fluctuations in polarization-squeezed
light can be used to improve the channel capacity of com-
munication protocols. Let us consider information encoded
on the sidebands of a bandwidth-limited single spatial mode
laser beam. We assume that only direct detection is em-
ployed, or in other words, that phase sensitive techniques
such as homodyne measurement are not available. This is not
an artificial constraint since phase-sensitive techniques are
technically difficult to implement and are rarely utilized in
conventional optical communications systems.
An upper bound to the amount of information that can be
carried by a bandwidth-limited additive white Gaussian noise
channel is given by the Shannon capacity C @33# in bits per
dimension,
C5
1
2log2~11R !. ~12!
FIG. 13. Visualization of measured quantum noise and mea-
sured Stokes vectors of four polarization states mapped onto the
Poincare´ sphere. The states were generated from ~a! two bright
amplitude squeezed inputs and ~b! a bright coherent beam and a
amplitude squeezed vacuum. The rotation in ~a! and also in ~b! was
achieved by a u5p/2 phase shift or an additionally introduced l/4
wave plate.01231R is the signal-to-noise ratio of the channel and is given by
the ratio of the spectral variance of the signal modulation Vs
and the noise spectral variance Vn,
R5
Vs
Vn
. ~13!
We wish to compare the channel capacities achieveable with
pure coherent and squeezed states for a given average photon
number in the sidebands n¯ , where
n¯5^daˆ H
† daˆ H1daˆ V
† daˆ V& ~14!
and
^daˆ †daˆ &5
1
4 ~Vn
11Vn
2221Vs
11Vs
2!. ~15!
n¯ takes into account both sideband photons entailed by
squeezing of the quantum noise and by signal modulation.
The superscripts 1 and 2 label the amplitude and the phase
quadrature, respectively. Note that without squeezing and
signal modulation, the number of sideband photons is equal
to zero. An overview of quantum noise limited channel ca-
pacities may be found in Refs. @34,35#.
First, let us consider strategies which might be employed
with a coherent light beam. In conventional optical commu-
nication systems, the polarization degrees of freedom are ig-
nored completely and information is encoded only on Sˆ 0 as
intensity fluctuations. Taking aV50, the variance of the
Stokes-operator Sˆ 0 is given by V05aH
2 (Vn ,H1 1Vs ,H1 ) in ac-
cordance with Eq. ~11!. For this one-dimensional coherent
channel, Vn ,H
1 5^udXH
1u2&51 and, therefore, R5Vs ,H
1
. It can
be shown from Eqs. ~14! and ~15! that for this arrangement,
the average photon number per bandwidth per second is n¯
5 14 Vs ,H
1 providing a photon resource limited Shannon capac-
ity of
Ccoh
i 5
1
2log2~114n
¯ !, ~16!
as a function of n¯ . This is a nonoptimal strategy, however.
Examining Eqs. ~3! and ~9! we see that it is possible to
choose an arrangement, for which two of the Stokes opera-
tors commute and so can be measured simultaneously. In-
deed, it is easy to show that such simultaneous measure-
ments can be made using only linear optics and direct
detection. In particular, let us assume that aH5aV such that
Sˆ 2 and Sˆ 3 commute, and use Sˆ 2 and Sˆ 3 as two independent
information channels. Then Sˆ 25Sˆ 0 and the information in
both dimensions can be simultaneously extracted by sub-
tracting and adding the photocurrents of the same pair of
detectors. Assuming equal signal-to-noise ratios, R25R3, we
find that Vs ,25Vs ,352n¯ , and the channel capacity may be
written6-8
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ii 5
1
2log2~11R2!1
1
2log2~11R3!5log2~112n
¯ !.
~17!
This channel capacity is always greater than that of Eq. ~16!
and for large n¯ is 100% greater.
For sufficiently high n¯ a further improvement in channel
capacity can be achieved. Consider placing signals on all
three Stokes-operators. Because of the noncommutation of
Sˆ 1 with Sˆ 2 and Sˆ 3, it is not possible to read out all three
signals without a measurement penalty. Suppose the receiver
adopts the following strategy: divide the beam on a beam-
splitter with transmitivity e and then measure Sˆ 1 on the re-
flected output and Sˆ 2 and Sˆ 3 on the other output. Division of
the beam will reduce the measured signal-to-noise ratios due
to the injection of quantum noise at the beamsplitter such as
R15(12e)Vs ,1 , R25eVs ,2 , and R35eVs ,3 . We find that
for large n¯ an optimum is reached with e52/3 and the signal
photon number in each Stokes parameter being n¯ 15n¯ 25n¯ 3
5n¯ /3. Hence the channel capacity is
Ccoh
iii 5
1
2log2~11R1!1
1
2log2~11R2!1
1
2log2~11R3!
5
1
2log2S 11 49n¯ D1log2S 11 89n¯ D . ~18!
This capacity beats that of Eq. ~17! for n¯.7.56. In summary,
the optimum coherent channel capacity is given by Eq. ~18!
for average photon numbers n¯.7.56 and by Eq. ~17! for
lower values, see Fig. 14 curves traces c and d.
Now let us examine the effect of polarization squeezing
on the channel capacity. Consider, first, the simple case of
FIG. 14. Calculated channel capacities for various continuous-
variable polarization states. The channel’s dimension and the chan-
nel’s quantum noise performance is varied. The cross in the upper
curve marks the channel capacity, which can be achieved using the
polarization-squeezed state in Fig. 11 and is compared with the
optimum coherent state channel capacity ~lower cross!.01231intensity modulation on a single squeezed beam, which is
equivalent to using a squeezed beam in the first coherent
case considered @case ~i!#. The channel capacity can be maxi-
mized by optimizing the fraction of photons that are intro-
duced by squeezing the quantum noise and the residual frac-
tion of photons, which actually carries the signal. For large
photon numbers we find a proportioning of 0.5. For an aver-
age photon number of 1, just one-third of that photon should
be used to reduce the quantum noise. The maximum channel
capacity for a one-dimensional squeezed channel is found to
be
C1sqz
i 5log2~112n¯ !, ~19!
which was previously given in Ref. @34#. This capacity beats
only the corresponding coherent state. It is as efficient as the
two-dimensional coherent channel, but less efficient than the
three-dimensional coherent one for large photon numbers.
Consider now a polarization-squeezed beam that is pro-
duced from a minimum uncertainty squeezed beam and a
coherent beam, as in Sec. III C. Suppose, as in case ii, that Sˆ 2
and Sˆ 3 commute and arrange such that Sˆ 2 has fluctuations at
the quantum noise level, while Sˆ 3 is optimally squeezed.
Again signals are encoded on Sˆ 2 and Sˆ 3. The channel capac-
ity can be maximized by adjusting the relative signal sizes on
the two Stokes-operators for fixed average photon number as
a function of the squeezing. Here, one-third of the photons is
used to squeeze and two-third is split equally for the two
dimensions. The resultant maximum channel capacity is
C1sqz
ii 5
3
2log2S 11 43n¯ D . ~20!
This always beats all three coherent state cases considered
here, but in the limit of large n¯ the advantage is minimal
since the scaling with photon number is the same as that of
Ccoh
iii in Eq. ~18!.
If the polarization-squeezed beam is produced from two
amplitude squeezed beams as in Sec. III D, the enhancement
becomes more significant. Suppose again that Sˆ 2 and Sˆ 3
commute but now that both are optimally squeezed. Again
encoding on Sˆ 2 and Sˆ 3, and varying the signal strength as a
function of squeezing to maximize the channel capacity for a
given n¯ . The maximum is reached when the photons are
used to squeeze the noise and transport information in equal
shares. The channel capacity for this arrangement is given by
C2sqz
ii 52 log2~11n¯ !, ~21!
which for large n¯ is 33% greater than both the optimum
coherent scheme and the scheme using a single quadrature
squeezed beam. No further improvement of the channel ca-
pacity can be obtained by encoding the information on three
Stokes parameters, as in case ~iii!. Optimization of the beam
splitter reflectivity results in the already considered two-
dimensional arrangement. This is not a surprising result since
the third Stokes parameter is antisqueezed. Figure 14 sum-
marizes our results.6-9
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principle, be achieved using the polarization-squeezed state
generated in our experiment from two amplitude squeezed
beams. The polarization squeezing achieved in Fig. 11 im-
plies that, in the frequency range of 8–10 MHz, 0.17 side-
band photons per bandwidth per second were present in each
of the two dimensions. This is an optimum quantum resource
to transmit 0.68 sideband photons. Signals sufficiently high
above detector dark noise would achieve a channel capacity
that is around 21% greater than the ideal channel capacity
achievable from a coherent beam with the same average
sideband photon number ~see crosses in Fig. 14!.
VI. CONCLUSION
The field of quantum communication and computation is
receiving much attention. The continuous-variable polariza-
tion states investigated here are one of the most promising
candidates for carrying the information in a quantum net-
work. In this paper, we have characterized the nonclassical
properties of these states on the basis of the Stokes-operators
and their variances. Different classes of polarization-012316squeezed states have been generated and experimentally
characterized. We compared the coherent polarization state
in Fig. 12~a! with squeezed polarization states generated
from a single amplitude squeezed beam as in Fig. 12~c! and
from two amplitude squeezed beams as in Fig. 12~e!, and
proved that squeezing of better than 3 dB of three Stokes
parameters (Sˆ 0 , Sˆ 1, and Sˆ 3) simultaneously is possible only
in the latter case. We have theoretically analyzed the channel
capacity for several communication protocols using
continuous-variable polarization states. For a given average
photon number n¯ , we found the polarization state produced
from two quadrature squeezed states can provide a 33%
greater channel capacity than both the optimum coherent
scheme and the scheme using a single quadrature squeezed
beam.
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